We have investigated the molecular-beam epitaxy ͑MBE͒ of InSb nanostructures on ͑100͒ GaSb substrates. We show that MBE leads to a low density ͑ϳ1−3ϫ 10 9 cm −2 ͒ of large islands even when varying the growth conditions on a wide range ͑substrate temperature ϳ370− 450°C, growth rate ϳ0.3− 1.2 ML/ s͒. Plastic relaxation takes place from the onset of island formation, regardless of the amount of InSb deposited after the two-dimensional to three-dimensional transition. These results show that In adatoms have a very long diffusion length on a Sb-terminated surface and that the energy for dislocation generation in InSb is low. This can be attributed to the low enthalpy of formation and low melting point of InSb. To circumvent this problem we have developed a MBE growth procedure based on the deposition of an amorphous InSb layer at low temperature followed by an annealing step to allow for reorganization to take place. This dramatic change of the growth conditions leads to the formation of small InSb quantum dots with a density in excess of 7 ϫ 10 10 cm −2 . Uncapped quantum dots, however, are relaxed. In contrast, buried quantum dots are fully strained and emit near 3.5 m at room temperature. Our results show that although formerly similar the InSb/GaSb materials system behaves completely differently from the InAs/GaAs case study system.
I. INTRODUCTION
The past decade has seen a tremendous development in the field of semiconductor quantum dots ͑QDs͒ which has been driven, on the one hand, by their unique physical properties and, on the other hand, by their potential impact in the realm of electronic and photonic devices. 1 Most work in this field has been carried out on the seminal Si/Ge and Ga 1−x In x As/GaAs materials system grown by molecularbeam epitaxy ͑MBE͒. This last case is particularly well documented. 2 It is now established that MBE growth proceeds two-dimensionally ͑2D͒ for a strain below ϳ2% ͑x = 0.3͒ while there is a 2D to three-dimensional ͑3D͒ transition leading to the formation of QDs for larger strain ͑Stranski-Krastanov growth͒. In the extreme case of InAs on GaAs the transition occurs near 1.5 ML.
2 A similar behavior to this prototypical case study is often assumed for any III-V semiconductor system, even when they have been only barely studied. A particularly interesting system in this respect is InSb/GaSb. Indeed, with a lattice mismatch of 6.3% it is formally very similar to InAs/GaAs ͑7.3% lattice mismatch͒, the main difference being the group-V element ͑Sb vs As͒. Given the narrow-band gap of antimonides compounds, InSb QDs are appealing candidates to the fabrication of the high performance midinfrared nanophotonic devices which are needed for various applications such as gas analysis, free-space optics, or countermeasures. 3 The first investigations of the MBE growth of InSb on GaSb have shown that InSb obeys the Stranski-Krastanow growth mode, with a 2D-3D transition occurring around 1.7 ML under typical conditions ͑growth temperature ϳ400 − 450°C, rate ϳ0.5− 1 ML/ s, Sb/In flux ratio Ͼ2͒. 4 Subsequently, one group reported the formation of a high density of small coherent islands right at the growth-mode transition ͑1.7 ML͒ during MBE of InSb on GaSb. 5, 6 It is not clear, however, whether at this stage these nanostructures are real-3D dash-like InSb islands 5 or rather monolayer-high 2D InSb islands. 6 Large, relaxed islands formed for any thicker InSb layer. 5, 6 All other studies have confirmed the initial results and have shown that a low density of large InSb islands are formed whatever the growth technique, MBE, 7 or metalorganic vapor phase epitaxy. [8] [9] [10] This behavior apparently differs from the InAs/GaAs case. Indeed, we have recently demonstrated that a special MBE growth procedure allows the formation of high density InSb QDs on GaSb. 11, 12 In this work we present a detailed study of the MBE growth and properties of InSb/GaSb heterostructures which shows that this system differs totally from InAs/GaAs. a͒
II. EXPERIMENTS
The samples have been grown on ͑100͒-oriented GaSb wafers by solid-source MBE in a system equipped with Asand Sb-valved cracker cells. In situ reflection high energy electron diffraction ͑RHEED͒ has been used to monitor the growth. The flux, expressed in ML/s, of all-group-III as well as group-V-elements have been determined by RHEED intensity oscillations measurements. All layers were grown with a Sb/III ratio of ϳ2. The GaSb deoxydation occurs at a pyrometer reading of ϳ550°C in our system. Most InSb layers, grown under the various conditions described later, have been inserted in the center of a 300 nm-thick GaSb barrier itself confined by lattice-matched AlGaAsSb layers. For a series of samples positive-intrinsic-negative ͑p-i-n͒ structures were grown to investigate electroluminescence ͑EL͒ properties. For another series, the InSb layers were left uncapped. In that case the substrate heating system was switched off immediately after InSb growth or QDs formation.
Uncapped samples have been studied by atomic force microscopy ͑AFM͒ and transmission electron microscopy ͑TEM͒ to assess their structural properties. Complete heterostructures have been characterized by TEM, and photoluminescence ͑PL͒ or EL spectroscopies at 90 and 300 K. A semiconductor diode laser operating at 650 nm was used for optical pumping. The PL spectra were recorded using a Fourier-transform infrared spectrometer equipped with a liquid-nitrogen cooled InSb detector.
Detailed AFM investigations have been performed on SOLVER P-47 device ͑NT-MDT production, Zelenograd, Russia͒ in which model a scanning of the sample surface is performed via scanning of the sample beneath the AFM probe. That scanning arrangement gives a higher lateral resolution compared to many devices in which the sample is fixed and scanning is performed via an AFM probe movement along the sample surface. AFM topography studies were performed in semicontact mode with NT-MDT AFM probes NSG11 and NSC05 ͑whisker type͒ with the tip apex radius typically smaller then 10 nm. These experimental arrangement permits to achieve a nanometer spatial resolution. A statistical analysis using specially developed software was applied to obtain the average height and radius values for all InSb QDs ensemble.
TEM has been performed by PDI Berlin. The TEM analysis was carried out in a Jeol JEM-3010UHR microscope operating at 300 kV. The cross-sectional TEM samples were prepared by standard techniques using mechanical grinding and dimpling. Finally, the samples were sputtered until electron transparency by an argon ion beam using 2.5-3.0 keV energy in order to avoid strong sputter damage. During all processing steps, a minimum mechanical load was applied to the samples to minimize the external stresses.
III. GROWTH OF INSB ON GASB UNDER USUAL MBE CONDITIONS

A. RHEED and AFM observations
We first investigated the MBE growth of InSb directly onto GaSb for substrate temperatures around 450°C and growth rates around 0.3 ML/s. We observe that under these conditions InSb obeys the Stranski-Krastanow mode with a 2D-3D transition occurring around 1.7 ML, depending on the precise conditions. We show in Fig. 1 typical AFM images for 2.4 ML InSb deposited at 450°C and 0.33 ML/s. They confirm the presence of low density islands ͑ϳ2 ϫ 10 9 cm −2 ͒. In addition, their typical main axis length and height are ϳ50 and 8 nm, respectively, with a high dispersion. These observations agree well with previous reports. 4, [6] [7] [8] 
B. Microstructure of InSb islands
We have investigated such nanostructures embedded within a p-i-n structure by TEM ͑Fig. 2͒. Several interesting features are to be noticed. The size of the buried islands determined by TEM is similar to the size of uncapped islands measured by AFM. In addition, all islands-even though they are buried-are highly defective containing misfit dislocations at the interface and dislocation loops around the islands ͑inset in Fig. 2͒ . This shows that the self-organization of the InSb layer takes place on an extremely short time scale with an early onset of plastic relaxation accompanied by a low activation barrier for dislocation generation. The analysis of the lattice parameter reveals that it correspondswithin the error bar-to the parameter of fully relaxed, pure InSb. Finally, in spite of the high defect density within the QDs, only part of them gives rise to defects propagating through the upper layers. 
C. Influence of growth kinetics
We have then varied the growth parameters in a wide range. The substrate temperature has been changed between 370 and 450°C, the InSb growth rate between 0.3 and 1.2 ML/s, the Sb/In flux ratio between 1 and 5, and the InSb amount from 1.8 to 2.5 ML. We have also introduced 2-10 nm-thick AlGaSb or AlGaAsSb layers between the GaSb and InSb layers. The surface of Al-containing alloys being less perfect than the GaSb surface they should favor heterogeneous nucleation and promote the formation of a high density of QDs. However, although these variations cover a wide range of growth conditions, the properties of the QDs populations were only marginally affected. A striking point is that all islands are fully relaxed from the onset of QDs formation whatever the amount of InSb which has been deposited after the 2D-3D transition. Needless to say, such defective nanostructures are not compatible with the development of any device. Finally, we note also that these large islands can barely be considered as QDs in the sense of quantum mechanics.
IV. A MODIFIED-MBE ROUTE FOR THE GROWTH OF INSB QDS ON GASB
The results shown earlier indicate that an alternative route is needed to overcome these limitations and to obtain dot densities and properties suitable for device applications.
A. Growth procedure-RHEED and AFM observations
A further particularity of Sb with respect to other usual group-V elements is that it condensates easily on a GaSb surface when decreasing the substrate temperature. In our system, this condensation occurs at a pyrometer reading of ϳ380°C for a Sb-limited growth rate of 1.5 ML/s. We have thus developed a special growth procedure which takes profit of this property. Indeed, both low temperature and solid-Sb are used to drastically shorten the In-migration length which is mostly responsible for the quick formation of large and plastically relaxed islands.
After completion of the GaSb buffer layer we reduce the substrate temperature down to ϳ250− 300°C. The Sb shutter is closed at around 400°C. The RHEED pattern then indicates an evolution from a ͑1 ϫ 3͒ to a ͑2 ϫ 5͒ reconstruction at ϳ430°C. 13 This reconstruction remains unchanged and bright down to 250-300°C ͓Fig. 3͑a͔͒. AFM pictures taken at the completion of the buffer layer reveal a perfect surface ordering with monolayer-high terraces ͓Fig. 4͑a͔͒. A few MLs of InSb are then deposited. The RHEED pattern turns very faint or even totally blurry, which is characteristic for an amorphous surface ͓Fig. 3͑b͔͒. Indeed, at this temperature an amorphous or polycrystalline InSb film is expected. At this stage AFM ͓Fig. 4͑b͔͒ reveals a uniform surface with a root mean square roughness of about 6 ML. Immediately after InSb deposition, the substrate temperature is increased up to the Sb-desorption value ͑390°C͒ where an annealing is performed during ϳ20− 50 s. The RHEED pattern evolves toward a spotty-like pattern indicating the formation of well developed QDs ͓Figs. 3͑c͒ and 3͑d͔͒. Figure 4͑c͒ shows the AFM image taken from 2.5 MLs of InSb deposited according to this procedure. 3 . RHEED patterns taken ͑a͒ from the GaSb layer at 300°C ͓͑110͔ azimuth͒, ͑b͒ after deposition of 2.5 ML InSb at 300°C ͓͑1-10͔ azimuth͒, ͑c͒ at 360°C during the temperature ramp-up ͓͑1-10͔ azimuth͒, and ͑d͒ after 20 s annealing at 390°C ͓͑1-10͔ azimuth͒.
The uniform surface observed after the InSb deposition at low temperature has been replaced by well defined nanostructures after the annealing step. We obtain a dot density as high as 7.4ϫ 10 10 cm −2 , i.e., at least one order of magnitude higher than ever reported for similar InSb amounts. The QDs average sizes are 13± 3 nm for the radius and 1.7± 0.5 nm for the height. Therefore, this two-step growth technique enables a noticeable improvement of the QD population with respect to any other reported conditions besides the results obtained right at the transition thickness, 1.7 ML InSb. 5, 6 We have then investigated the microstructure of InSb QDs grown under this alternative growth procedure.
B. Microstructure of uncapped InSb QDs
First, uncapped InSb islands were structurally investigated by conventional and high-resolution TEM. Figure 5͑a͒ displays a plan-view dark-field TEM image of an uncapped InSb layer of nominal 2.5 ML thickness grown at 300°C followed by subsequent annealing. This image reveals the presence of small and flat InSb QDs with a monomodal size distribution and an average diameter of about 20 nm. These data agree well with the AFM images described previously ͑Fig. 4͒. However, based on the strain sensitive imaging condition ͑with g 220 reflection͒, we find that most of the islands are plastically relaxed by the introduction of misfit dislocations at the interface. The cross-sectional high-resolution TEM image displayed in Fig. 5͑b͒ demonstrates the presence of such a misfit dislocation in the center of the island being of pure-edge type with Burger vector b =1/2͓110͔, which is most efficient in strain relief. Because of the sessile character of the dislocation it is assumed that its formation proceeds during the annealing process, when the InSb islands are formed on the free surface.
The nucleation of InSb on GaSb is characterized by the formation of tiny, flat islands, at the beginning which are completely coherently strained to the substrate. These small QDs have a round and lens-shaped form ͓Figs. 6͑a͒ and 6͑b͔͒. With further annealing and/or deposition the coherent islands grow in all directions until a critical dimension is achieved and plastic relaxation starts with the formation of misfit dislocations ͓Fig. 6͑c͔͒. This process is driven by the minimization of the strain and surface/interface energies. The larger and relaxed QDs always have flat surfaces and ͕111͖ sidefacets ͓indicated by white dotted lines in Fig. 6͑d͔͒ . The evolution of the InSb QDs is schematically summarized in Fig. 7 . It is remarkable that partly relaxed islands tend to grow faster in the lateral direction ͑the height remains almost constant͒ and, simultaneously, establish energetically favorable facets. At the same time, with increasing size, the strain relaxation proceeds by forming a more and more dense array of misfit dislocations. Additionally, this TEM analysis ͑Fig. 7͒ determines the critical QDs size of about 12 nm for the onset of plastic relaxation. Note that AFM gives an average value for the diameter of 13± 3 nm ͑cf. Sec. IV A͒. Most uncapped InSb QDs are thus plastically relaxed.
C. Microstructure of buried InSb QDs
Compared to the uncapped island case, a completely different situation is observed when the InSb QD population is frozen by growing a GaSb layer immediately after QDs formation. Figure 8͑a͒ shows a ͑002͒ bright-field TEM image of such a buried QD sample. It demonstrates the existence of a wetting layer with a high density of tiny QDs as a result of the strong contrast variations along the InSb layer compared to the homogeneous contrast of the adjoining GaSb. Note that the complete structure is free of any extended defects. No threading dislocations are observed indicating that there is no plastic relaxation process involved. By tilting the sample around the ͓110͔ axis, the interface becomes inclined to the electron beam which enables the observation of isolated InSb QDs. Applying the g = 220 diffraction condition, the strain field of the QDs is detected in this direction revealing an average size of about 10 nm. In detail, the lattice strain around the InSb QDs appears as lobes of dark contrast ͑low intensity͒ with lines-of-no-contrast perpendicular to g ͓the so called coffee bean contrast, more evident in the inset of Fig. 8͑b͔͒ . This particular strain effect corresponds to fully strained InSb QDs with a lens shape.
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D. Electronic properties
We have performed preliminary investigations of the luminescence properties of buried InSb QDs grown under the alternative MBE conditions. We show in Fig. 9 PL spectra taken at 90 K under different excitation densities ͑from 0.4 to 10 W/cm 2 ͒ from a sample containing one plan of InSb QDs obtained by depositing 3 ML InSb. In the high energy region, two peaks are detected at 0.79 and at 0.72 5 eV. We assign them to GaSb and its native defects 15 and to the wetting layer. 6 The other two transitions at 0.367 eV ͑i.e., ϳ3.4 m͒ and at ϳ0.5 eV come from QDs-related transitions, as confirmed by experiments which show that these lines disappear upon etching the sample down to the buffer layer. The lowest energy peak is attributed to the system ground state transition, whereas the line at 0.5 eV is temptatively attributed to 7 . Schematic of the QDs evolution for InSb QDs grown at low temperature. We observe a critical diameter d crit ͑Ϸ12 nm͒ beyond which islands starts relaxing. These relaxed islands have ͕111͖ sidefacets. the system first excited state. In addition, PL has been observed up to room temperature with a quenching factor as low as 4. The emission then peaks at 0.326 eV, i.e., ϳ3.8 m.
12 Electroluminescence analysis was also performed on the same type of active region inserted in a dedicated p-i-n junction, with doped AlGaAsSb cladding layers. Figure 10 shows the EL spectra at 90 K for different electrical injection conditions. Again, an emission centered at 0.367 eV is observed with efficiency and linewidth increasing with the average driving current. Both PL and EL spectra thus give a ground state transition at 0.367 eV at 90 K. This energy is lower than previously reported 5, 6, 16 and cannot be simply explained by considering a type-I transition in InSb/ GaSb QDs. This may be explained by taking into account the tensile strain in the GaSb matrix around the QDs. This strain locally lowers the GaSb conduction band thus localizing the electrons and resulting in a type-II alignment with a low transition energy. 17 Elucidation of the precise band structure of these QDs is a very complex matter which is much beyond the scope of this work. Detailed calculations coupled to experiments are indeed in progress to clarify the situation.
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V. DISCUSSION-CONCLUSION
The results obtained for the large number of experiments described earlier can only be explained if one assumes that In has a long diffusion length on a Sb-terminated surface under a wide range of MBE growth conditions. In addition, the usual parameters are not efficient enough to alter the growth kinetics of the system. In fact, both In and Sb elements have in common that they exhibit the largest atomic radii among the usual group-III and group-V elements. In addition, the enthalpies of formation of In-V and III-Sb compounds are the lowest among all III-V compounds. 18 The cohesive energy of InSb is thus the lowest among all III-V compounds . Consequently, In adatoms falling onto a Sb-terminated surface have a long residence time before being incorporated. They can move over long distances and form large clusters. We note that these findings are in agreement with the par- ticular role that both In and Sb play during epitaxy of a variety of lattice-mismatch III-V semiconductor heterostructures. 19 Indeed, they behave as surfactants and tend to promote 2D rather than 3D growth. Our alternative route, however, has proved efficient to obtain true, fully strained InSb QDs on GaSb. The results are interpreted as follows. At a temperature as low as 300°C, not only the In-migration length is naturally reduced, but also Sb-solid clusters are formed which further suppress In migration. The annealing step allows the evaporation of the excess Sb. The InSb film crystallizes and evolves toward its lowest energy state, i.e., formation of well developed QDs. It is noticeable that each parameter involved in this procedure ͑amount of deposited material, V/III ratio, heating rate, and annealing time͒ has its own effect on the final result. For example, a too long annealing step or an annealing step at too high a temperature lead to large, relaxed QDs which are similar to those grown directly under regular MBE conditions ͑cf. Sec. III͒.
The different microstructures observed between uncapped and buried InSb QDs ͑cf. Secs. IV B and IV C͒ are also related to the high diffusion length of adatoms. Indeed, even when turning the substrate oven off, it takes several minutes to cool the uncapped QDs samples from the annealing temperature ͑ϳ390°C͒ down to the temperature at which the situation is frozen out. During this stage Ostwald ripening starts taking place which results in larger QDs which are relaxed. This is also in agreement with the impact of the duration of the annealing step mentioned earlier. In contrast, overgrowing the QDs at the end of the annealing step freezes immediately the situation. Defect-free QDs are then obtained.
These results show that albeit apparently similar the InSb/GaSb system differs totally from its InAs/GaAs counterpart from the point of view of QDs formation as well as from the point of view of their structural properties. Indeed in the later case small, coherent islands form naturally upon MBE growth 2 while in the former it has been necessary to develop a specific growth procedure to achieve InSb QDs. 
